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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

SUBSONIC FLIGHT INVESTIGATION OF RECTANGULAR RAM JET
OVER RANGE OF ALTITUDES

By Wesley E. Messling, and Dugald 0. Black

SUMMARY
A flight investligation was conducted on a rectangular ram Jet
Incorporating a V-shaped gutter-type flame holder over a range of
fuel-air ratios from 0.019 to 0.112, combustlon-chamber-inlet veloc-
itles from 39 to 10l feet per sscond, and pressure altltudes from
1500 to 29,200 feet.

The maximum combustlon efficlency obtained was approximately
84 percent at a fuel-alr ratio of 0.069 and s pressure altitude of
1500 feet. An Increasse 1n sltlitude resulted in a pronounced decrease
in combustion efficlency. The higheat pressure altitude at which
ignition was posslble with the spark plug and ignitlon cone was
22,500 feet. Above 11,000 feet, an Increase In altitude increased
the value of fTuel-alr ratlio at which lean blow-out occurred. Rough
engine operation was encountered only at altitudes ebove 20,000 feet
as the fuel-alr ratio approached the lean or rich blow-out limits.

INTRODUCTION

As part of a research program for the study of ram Jots,
a flight investigatlion is being conducted at the NACA Cleveland
leboratory on a rectangular ram Jet Installed in a short-span wing
mounted beneath the fuselage of a twiln-engine, fighter-type alr-
plane. This type of power plant was designed for Installation
within the wings of a high-speed airplene or missile.

The purpose of the Investigation is to determine the perform-
ance and operatilonal characteristics of a rectangular ram Jet over
a range of altitudes at subsonic velocltles. During a test-stand
investigatlon (reference 1), a similar engins operated satisfacto-
rily over a range of fuel-air ratios from 0.025 to 0.083. Owing to
the comparatively low inlet-ailr velocitles available, only a limited
amount of data could be obtalned on ignition, blow-out, and combus-
tion efficlency. The flight investigation reported herein was made
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at pressure altltudes from 1500 to 29,200 feet 1n order to determine
the effect of altitude on ignition, lean end rich blow-out limits,
and combustion efficlency.

The results obtained over a range of fuel-alr ratios from 0.019
to 0.112, combustion-chamber-inlet velocitles from 39 to 101 feet
per second, and pressure altitudes from 1500 to 29, ZOO feet are
pregented. .

APPARATUS AND PROCEDURE
Ram-Jet Imstallation

The rectangular ram Jet investigated was installed in a short-
Span wing supported beneath the fuselage of a twln-engine, fighter-
type alrplane, as shown in figures 1l and 2. Ducts for cooling alr
were provided to ventllate the space between the combustlon chamber
and the outer shell in order to avold possible accumulation of
explosive vapors; these ducts, however, had no effect on the
operation of the ram-Jet engine. The entrances and exits of these
ducts are located in the wing-tip sections, as shown in figurs 2.
Inssmich as no provisions were made to vary the angle of attack of
the ram Jet, 1t varled with a change In indicated alrgpeed. Ths
variation ranged from 1° at an indicated alrspeed of 240 miles per
hour to 6° at 160 miles per hour. Filgure 3 shows the dlsassembled
components of the engine and the wing Installistion.

The rectangular ram Jet (fig. 4) consists of an Inlet diffuser,
a combuetion chamber, and an exhsust nozzle. The diffuser 1is of
rectangular cross gection wlth parallel mides and has a total 4if-
fuser angle of 12° between the top and bottom walle. The maximum
combustion-chamber area is twice and the exhaust-nozzle area 1.3
times the dilffuser-inlet area. The combustlon chamber was cocled
by circulating fuel through a corrugated manifold seam-welded to
the surface of the combustlon-chamber wall. The fuel was introduced
under pregesure at the rear of the combustion chamber, circulated In
gseparate parallel paths the entire length of the combustlon chamber,
and discharged into a common fuel-spray bar located along the hori-
zontal center line of the diffuser. In eddltion to cooling the
combustion chamber, this system preheated the fuel. The fuel-
pressure loes In the corrugated manifold was kept to a minirmum by
using a number of separate flow paths instead of one continuous
path. The fuel-spray bar conslsted of slx evenly spaced nozzles.
The nozzles discharged downstream 1n a 60° cone. Each nozzle was
rated at a fuel flow of 40 gallons pex hour at a fuel pressure of
100 pounds per square inch gage. The fuel used for these tests was
AN-F-23A (73-octane gasolins).
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The flame holder consisted of 4 horlzontal and 17 vertlcal
V-shaped gutters and was febricated from 0.064-inch Inconsl. The
measured static-pressure drop without combustion for this f£leme
holder was 3.1 times the dynamlc pressure in front of the flame
holder. The flame holder wes mounted in such a menner (fig. 4)
that no direct commectlon existed between the flame holder and the
combustion-chamber walls, which could advance the flame to the
walle and result 1n uneven wall temperatures. Burnlang was Initi-
ated by a spark plug Installed in a shielding cons mounted in
front of the flame holder. RNo auxiliary fuel was introduced in
the cons.

Instrumentation

The total and static pressures were measured at the diffuser
Inlet by 3 total~ and statlic-pressure rakes and 18 statlic-pressurs
wall orifices. A total-pressure rake 1n front of the flame holder
meesured the pressure at the Inlet to the combustion chamber. At
the exit of the ram Jet, the static pressure was measured by two
static-pressure wall orifices and the total pressure was measured
by & water-cooled reks. All pressure tubes were connected to a
multiple-tube liguld-manometer board. Sensitlive indlcators were
used to oblalin the 1ndlcated alrspeed and altltuds as measured by
a swilveling statlc-pressure tube and a shrouded totsl-pressure tube
Installed on & boom 1 chord length ahead of the leadlng edge of the
right wing tilp. Pressure gages indlcated the fuel pressure at the
pump outlet and at the Inlet to the ram-Jet manifold. The fuel
flow was indlcatsd on a gage and was measured by a vane-type flow-
meter. All indlcators were mounted on ithe manometer board, which
was photographed during flight. - - o

An auytomatic potentliometer recorded temperatures obtained
from chromel-alumel thermocouples located throughout the ram-Jet
unit. These measurements consisted of 24 combustion-chamber-wall
temperatures, 8 fuel temperatures at the Inlet to the fuel-spray
bar, 2 fuel temperatures at the inlet to the combusiion-chamber
manifold, and 8 ventllating-air temperatures between the combustion
chamber and the top and bottom wing sedétions. The free-alr tem-
perature was measured by a flight-calibrated lron-constantan ther-
mocouple installed under the left wing of the airplene.

Flight Program

The starting characteristics and blow-out limits for the rec-
tangular ram Jet were determined over a pressure-altitude range



from 1500 to 29,200 feet and for Indicated alrapeseds from 150 to

240 miles per hour.
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The effect of altitude on combustion efficiency was determined
for the followlng ranges of 1ndicated alrspeed and fuel-air ratio:

Pressure | Indlcated
altitude |alrspeed. | Fuel-alr ratio
(£t) (mph)
1,500 160 0.025 ~ 0.078
200 - .029 - .090
240 .066 - .090
6,000 160 .028 - .112
200 .023 - .096
16,000 160 .028 - .,l08
200 040 - (094
240 .062 - .098
26,000 160 .079 - 108
200 .068 - .082

METHOD OF CALCULATIONS -

Engine alr flow was calculated from the total and the static

pressures measured at the lnlet to the diffuser.

The exhaust-gas temperabture at the exit of the ram Jet was cal-
culated from the measured gas flow and pressure measurements at the
exit of the combustlon-~chamber nozzle Iin accordance with the method
The combustion efficiency was determined

outlined In reference 2.

by the followlng equatlon:

-
"b=§?a—(h?rl°°
where B
b combustion efficlency, percent
Hé enthalpy of burned gases at exit gas temperature,

Btu per pound of original alir
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Hy enthalpy of ailr and fuel before combustion, Btu per pound
of original air

£/a fuel-air ratio

he lower heating value of fuel, 18,500 Btu per pound

For the purpose of these cealculatlons, wasg assumed equal to the

enthalpy of alr at the exhaust-gas temperature plus the sum of the .
enthalpies of the carbon dioxide and water that result from complete
combustion mimis the enthalpy of oxygen requlred for complete com-
bustlon. Enthalpy values were obtalned from reference 3.

RESULTS AND DISCUSSIOR

At low altitudes (below 6000 f£t), the exhaust flame was light
blue in color at fuel-alr ratios from 0.05 to 0.07 and extended
approximately 1 foot beyond the exit of the engine. As the fuel-
air ratlio was Iincreased, the flame became longer and yellow in color
owing to the afterburnirg of the excess fuel. The sxhaust flame
became less visible as the sltltude was increased and was no longer
vislble even at high fuel-air ratios above an altitude of 16,000 feet.
Flgure 5 shows the ram Jet opsrating at a pressure altitude of
6000 feet, an indicated alrspeed of 160 mlles per hour, and a fuel-
ailr ratio of 0.140. The flame was very yellow and extended approx-
Imately 6 feet beyond the engins.

Alr-flow sepa.ra.ﬁion. occurred at the top leading edge of the
diffuser sectlion of the engine at Indlcated alrspeeds 1n excess of
240 miles per hour. Thils separatlon resulted in extremely rough
operation of the engine and erroneous alr-flow measurementa. As a
result, the investigation was limited and no data are gliven for
Indicated airspeeds 1n excess of 240 miles per hour.

Rough engine operation was also encountered at altitudes above
20,000 feet as the fusl-auir ratio approachsd the lean or rlch blow-
out limits. Rapld acceleratlion of fuel flow at high altitudes
resulted in extremely rough operatlon,which was accompanied by a
loud rumbling noise and somdtimes resulted in blow-out.

The ram Jot cooled properly at all altitudes and operating
condltions over which the investigation was conducted. The maximmm
combustion-chamber-wall temperature was 350° F at an altitude of
1500 feet. An increase in altitude resulied 1n a decrease in
combustion-chamber-wall temperatures.
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The minimum fuel-alr ratlo at which ignition was posalible was
determined for a glven altltude by malntaining a constant indlicated
airspeed, turning on the spark, and increasing the fuel flow until
1gnitlon occurred. This minimum fuel-alr ratic is defined as the
ratio of the fuel flow (1lb/hr) at which lgnition occurred to the
alr flow (lb/hr) ag measured at the given altlitude and airspeed with-
out combustion. Flgure 6 illustrates the effect of altltude on the
minimum fuel~alr ratio at whlch ignition occurred. The indicated
alrgpeeds are glven for each teast point. At an altlitude of 11,000 feet
and above, the indicated alrspeeds are the meximum alrspeeds at which
ignition was possible with the apark-plug cone. The lowest value of
minimam fuel-air ratlio is 0.028 and occurs at an altltude of 1500 feet.
Increasing the altitude increased the minimm fuel-air ratlo to 0.078
at an altitude of 28,500 feet. The ram Jet would not start above
this altitude with the spark-plug cone and flame holder used.

?

The effect of altitude and indicated alirspeed on the fuel-air
ratlio at which blow-out occurred ls shown In figure 7. This fuel-
alr reatlo was determined as the ratic of the fuel flow at which blow-~
out occurred and combustlon ceased to the alr flow immedliately pre-
ceding blow-out. At altitudes below 11,000 feet, a varlation in
altitude had little effect on the fuel-alr ratlo at lean blow-out
conditions for a gliven Indlcated alrspeed. An Increase In altitude
above 11,000 feet, however, resulted ln the occurrence of lean blow-
out at lincreasing values of fuel-alr ratioc. Inasmuch as no data were
teken at fuel-air ratlos ebove 0.112, rich blow-out wes only noted
at altitudes above 21,000 feet. An Increase in indlicated airspeed
at g glven altitude resulted 1in an increase 1n the fuel-alr ratlio at -
lean blow-out and a decrease In fuel-air ratic at rich blow-out for
the sltltudes at which rich blow-out occurred. In general, figure 7
shows the operating fuel-alr-ratioc range for a given altlitude and ’
Indicated airspeed.

The effecta of fuel-air ratic on gas total-temperature rise
(definsd as exhsust-gas temperature minue inlet-air temperature)
for altitudea of 1500, 6000, 16,000, and 26,000 feet are shown 1n
figure 8 and compared In figure 9. The maxlmum gas total-temperature
rise occurred at an altltude of 1500 feet and an Iincrease in altitude
resulted in s decresse 1n gas total-temperature rise for a glven
fuel-air ratio. : :

The effects of fuel-alr ratlo on combustion efflclency for alil-
tudes of 1500, 6000, 16,000, and 26,000 feet are shown in figure 10
end compared in figure 1ll. An increase iIn altitude resulted In a
pronounced decrease in combustlon efflclency. No attempt was made
to lmolate the factors contributing to this decrease; however, the -

SR
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decrease in efficiency may be attributed to.the combinsd effects of .

a decrease in air pressure, alr temperature, and fuel pressure, which.
resulted In a decrease in atomization of the fuel and penetratlion of
the fuel particles in the air stream. The maxlmim combustlon effi-
clency was approximately 84 percent at a fuel-alr ratio of 0.069 and
an altltude of 1500 feet ‘(fig. ll) ag compared. with meximum efficilen~
cies of approximately 73.5 percent at 0.071 and 6000 feet, 53 percent
at 0.085 and 16,000 feet, and 32 percent at 0.090 and 26,000 feet.

In general, an increa.se :Ln gltitude resulted ‘in the' maximu‘m combu.stion
efficlency occurring at higher values of fu.el-a.j_r ratioc.

' SUMMARY OF RESULTS

From & flight Investigation of a rectangulesr ram Jjet incorpo-
rating a V-shaped gutbter-type flame holder over a range of fuel-alr
ratios from 0.019 to 0.112, combustlon-chamber-inlet velocitles from
39 to 10X feet per second, and pressure altitudes from 1500 to
29,200 feet, the following resultg were obtalned:

1. The maximum combustion efficlency obtained was approximately
84 percent at a fusl-alr ratlio of 0.0689 and a pressure altlitude of
1500 feet. An increase 1n 2ltltude resulted In a pronounced decrease

" in combustion efficlency.

2. An increase in sltitude increased the value of minimum fusl-
air ratio at which lgnlition was possible wilth the present spark-plug
" coms .and flame holder. The highest altitude at which ignition was
posslble was 22,500 feet.

3. Above 11,000 feet, an increa.se in altitude Increased the
value of fuel-air ratio at which lean blow-out occurred.

4, Rough englne operatlon was encountered only at altitudes
above 20,000 feet as the fuel-alr ratlo approached the lean or rich
blow-out limlts,

Flight Propulslon Research Laboratory,
National Advisory Committee for Asronautics,
Cleveland, Ohio.
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ciency.
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